Reduced suppression of the auditory P50 event-related potential has long been associated with schizophrenia, but the mechanisms associated with the generation and suppression of the P50 are not well understood. Recent investigations have used spectral decomposition of the electroencephalograph (EEG) signal to gain additional insight into the ongoing electrophysiological activity that may be reflected by the P50 suppression deficit. The present investigation extended this line of study by examining how both a traditional measure of sensory gating and the ongoing EEG from which it is extracted might be modified by the presence of concurrent visual stimulation -perhaps better characterizing gating deficits as they occur in a real-world, complex sensory environment. The EEG was obtained from 18 patients with schizophrenia and 17 healthy control subjects during the P50 suppression paradigm and while identical auditory paired-stimuli were presented concurrently with affectively neutral pictures. Consistent with prior research, schizophrenia patients differed from healthy subjects in gating of power in the theta range; theta activity also was modulated by visual stimulation. In addition, schizophrenia patients showed intact gating but overall increased power in the gamma range, consistent with a model of NMDA receptor dysfunction in the disorder. These results are in line with a model of schizophrenia in which impairments in neural synchrony are related to sensory demands and the processing of multimodal information.
Introduction
In physiological investigations of sensory processing among patients with schizophrenia, impaired suppression of the P50 event-related potential (ERP; Bramon et al., 2004; Heinrichs, 2004) provides a strong conceptual framework for understanding early deficits. P50 suppression is postulated to index sensory gating or filtering whereby inhibitory processes are activated as a means of regulating the flow of incoming information. The P50 paradigm involves presenting two identical auditory stimuli ("S1" and "S2"), spaced 500 ms apart. Research with humans and animals suggests that the S1 activates an inhibitory mechanism that protects processing of the initial stimulus from the potentially disruptive impact of the S2 (Freedman et al., 1996) . By computing a ratio score of S2/S1, the magnitude of P50 suppression of S2 relative to the amplitude of S1 allows for inferences regarding the degree of inhibition, with better suppression reflected by lower ratio scores.
A central but understudied issue involves how sensory gating processes unfold when embedded in a more perceptually rich, naturalistic environment. In a sample of healthy individuals, Jin and Potkin (1996) found reduced P50 to S1, and a concomitant reduction in suppression ratio, when randomly flashing lights were introduced during the traditional paired-click task to simulate greater naturalistic complexity through engagement of multiple sensory modalities. The authors suggested that this finding may implicate a "sensory distraction" model of impaired sensory gating in schizophrenia whereby patients suffer from a chronic, basal deficit in attentional and perceptual resources. However, to date, only one study has investigated gating in schizophrenia patients within the context of greater sensory or perceptual demand. Tregellas et al. (2009) observed an increased hemodynamic response in schizophrenia patients relative to controls when participants listened to simulated urban noise. The magnitude of the response correlated positively with P50 suppression in patients. These results suggest that under more complex types of perceptual stimulation, patients' disrupted gating may be associated with neural hyperactivity.
Given that P50 suppression may rely on precisely synchronized neural coordination, investigators have decomposed the EEG waveforms elicited during the P50 paradigm into their spectral components in order to characterize associated oscillatory activity. The greatest difference between healthy controls and schizophrenia patients has been observed in the gating of low-frequency (1-20 Hz) activity (Clementz and Blumenfeld, 2001; Johannesen et al., 2005; Brockhaus-Dumke et al., 2008; Hong et al., 2008) . However, magnetoencephalography (MEG) data have implicated the gamma band (30-50 Hz) as the range of greatest difference in some studies (Clementz et al., 1997) , but not in others (Popov et al., 2011) . Furthermore, an EEG study revealed gamma suppression impairments to be most strongly associated with the presence of perceptual abnormalities (Johannesen et al., 2008) , independent of psychiatric diagnosis. Thus, some uncertainty remains regarding the extent to which lowor high-frequency oscillations, or both, contribute to P50 suppression abnormalities in schizophrenia, and by extension, ambiguity persists regarding the associated neurocognitive processes. Furthermore, recent discoveries of heightened pre-stimulus theta and gamma power in schizophrenia patients (e.g., Winterer et al., 2000) and the resultant biasing of baseline-normalized post-stimulus spectral estimates (Spencer, 2012) warrant further investigation of oscillatory activity during P50 suppression, including its modulation by the demands of the broader perceptual environment.
In light of the fundamental principle that perceptual resources are of a limited, finite capacity which is split across different cognitive tasks and processes (Duncan, 1980; Fisher, 1982; Nuechterlein and Dawson, 1984) , P50 suppression in both schizophrenia patients and control subjects should be attenuated (or further attenuated for patients) under conditions involving more complex sensory stimulation. The present study contrasted data obtained during the traditional P50 paradigm with responses recorded during concurrent presentation of visual images, to more closely approximate the complex, perceptual experiences encountered in the natural environment. To minimize affective modulation of brain activity, only images featuring neutral objects were utilized. Primary EEG spectral contributions to P50 suppression were assessed to evaluate large-scale neural circuit activity during sensory gating in schizophrenia. In keeping with the majority of published studies, low-frequency theta and alpha EEG gating were expected to differ most between patients and controls during the perceptually non-demanding (i.e., auditory only) paradigm. Consistent with the findings of Jin and Potkin (1996) , reductions in gating of low-frequency activity was predicted among healthy controls during the more perceptually demanding, multisensory condition, with levels comparable to the baseline 'distractibility' of patients during the traditional paradigm. We anticipated even further degradation of patient gating as their attentional resources became further compromised during the multisensory condition. Given uncertainty about measurement of spectral activity using traditional baseline normalization methodologies (Spencer, 2012) , we utilized measures of absolute spectral power and predicted overall heightening of gamma band activity among schizophrenia patients across task conditions. Analysis of beta activity was undertaken on an exploratory basis due to the relative paucity of reports on this frequency in the auditory gating literature.
Research design and methods

Participants
Eighteen outpatients with schizophrenia, diagnosed using the Structured Clinical Interview for DSM-IV (SCID; First et al., 1997) and rated on the 24-item Brief Psychiatric Rating Scale (BPRS: Lukoff et al., 1986; Ventura et al., 1993) , were assessed along with 17 healthy control subjects, who were screened with the SCID for personal or family history of major psychiatric disorders. All patients were recruited from the UCLA Aftercare program and were clinically stable and receiving antipsychotic medications. To avoid anticholinergic effects on the dependent measures, antiparkinsonian medications were discontinued at least 24 h before testing, and smokers refrained from cigarettes for at least 45 min prior to data acquisition. All participants were screened for mental retardation, past head trauma, history of loss of consciousness exceeding 5 min, CNS injury or neurological disorder, and significant alcohol or substance use disorder during the past 6 months. Demographic and clinical characteristics are presented in Table 1 .
Materials and procedure
Participants were fitted with an EEG cap containing 124 Ag-AgCl sintered electrodes, along with electrooculogram (EOG) electrodes placed above and below the right eye. Electrodes were also placed on each earlobe and re-referenced offline to an averaged-ears montage. All data were collected with an initial bandpass filter of 0.5 to 200 Hz (+/− 24 dB/oct) and sampled at 1000 Hz.
Sound thresholds were determined for each ear separately, and paired stimuli consisting of amplified white noise were then presented at 55-dB SPL above each ear's threshold for 3 ms, with an interstimulus interval (ISI) of 500 ms. Hearing thresholds did not differ significantly between groups (patients: M = 27.33 dB, SD = 4.22; controls: M = 26.34 dB, SD = 4.81, p = 0.52). During both the traditional and modified P50 suppression paradigms, 80 pairs of auditory stimuli were presented, separated by a variable intertrial interval Table 1 Demographics and clinical characteristics. Mean age of members of each cohort revealed a significant difference in the average age of patients vs. controls. The addition of age as a covariate to each of the reported analyses did not affect the final results. No significant differences were found in the frequency of gender or ethnicity between groups.
Characteristic
Healthy comparison subjects (N = 17) Lang et al., 2005) , all of which were rated as neutral in valence and low in arousal by the IAPS standardization sample. The pictures depicted household objects or vegetation, and each was presented for 60 s on a computer screen located 1 m from the participant, with a 75 Hz refresh rate in 32 bit color at a resolution of 1024 × 768 pixels. Picture onset and offset were timed such that no picture changes occurred within 1000 ms of the auditory P50 stimuli. While affectively non-neutral pictures were presented to subjects in another part of this experiment, they were done so in separate, counterbalanced blocks so as not to contaminate responses during neutral picture viewing. Those data are not included in the present report. Behavioral responses were not required in either experimental condition.
Signal processing
Data were filtered between 1 and 70 Hz, visually inspected for artifact leading to the removal of gross movement disturbances, and subjected to independent component analysis (ICA) for removal of ocular artifact (Jung et al., 2001) . Average waveforms were computed separately for the P50 during the baseline and picture-viewing conditions. ERP computation included a 500 ms pre-stimulus baseline correction and a bandpass filter of 10 to 50 Hz that was not used for spectral analyses. The P50 component was identified at Cz as the most positive peak between 40 and 70 ms after stimulus onset. P50 amplitude was measured as the difference between the P50 peak and its negative predecessor, the N40. Data from two control subjects and one patient were excluded because a reliable P50 exceeding 0.5 μV to S1 could not be detected.
Spectral analyses of the EEG data used the single-trial complex Morlet Wavelet approach described by Brockhaus-Dumke et al. (2008) , whereby a window of 50 ms flanked each P50 response to determine the spectral makeup of that window from 25 to 75 ms. Spectral decomposition relied on wavelets calculated in 1 Hz steps, ranging from 3 to 50 Hz, using 3 cycles at the lowest frequency and up to 6 cycles at the highest. Consistent with Brockhaus-Dumke et al., frequency definitions were: theta (4-6 Hz), alpha (9-11 Hz), and beta (14-25 Hz), thereby allowing for a conservative estimate of frequency contributions despite wavelet analysis smoothing procedures. However, gamma was defined at 30-50 (rather than 60) Hz to guard against influence from 60 Hz line noise. The dependent variables for each frequency bin reflected amplitude in microvolts squared. Recent data have shown the non-independence of pre-stimulus and baseline-normalized evoked spectral power on estimates of differences between controls and schizophrenia patients, particularly in the gamma band (Spencer, 2012) . Thus, absolute power rather than baseline normalized spectra was utilized.
Statistical analysis
To obtain a difference or "subtraction" measure of P50 suppression from S1 to S2, group differences in P50 amplitude were examined using repeated-measures ANOVA with group as the between-subjects factor and stimulus (S1 vs. S2) and condition (baseline vs. picture-viewing) as within-subject factors. A one-way ANOVA was used to determine group differences with the traditional S2/S1 parameter. To investigate the effects of group and condition on suppression within specific frequency bands, ANOVAs were computed for each of the four frequency bins, using group as the between-subject factor and condition and stimulus as repeated-measure factors. T-tests were used at a 95% level of confidence to determine the loci of significant main effects and interactions. Table 2 shows mean amplitudes and suppression ratios by group. A significant main effect of stimulus was observed, F(1, 30) = 55.46, p b 0.001, but no other differences emerged, suggesting P50 suppression occurred without variation across groups and conditions. Similarly, there were no significant interaction effects involving group, stimulus or condition (p's > 0.05). Comparable results were obtained when the P50 ratio score was the dependent variable. (See Supplemental Fig. 1 for waveforms.) Table 3 shows mean spectral amplitudes by group. In the theta band, a significant main effect of stimulus, F(1, 33) = 40.71, p b 0.001, was modified by a significant group by stimulus interaction, F(1, 33) = 4.68, p = 0.038. Post hoc analyses determined that consistent with prior research, schizophrenia patients showed decrements in theta to S1 with reduced activity extending across both conditions. A significant main effect of condition, F(1, 33) = 5.39, p = 0.027, and a significant condition by stimulus interaction, F(1, 33) = 7.41, p = 0.01, revealed that across groups, there was an overall dampening of theta activity to S1 during the picture-viewing condition (see Fig. 1 ). In the alpha range, a significant effect for stimulus, F(1, 33) = 37.32, p b 0.001 and a condition by stimulus interaction, F(1, 33) = 7.47, p = 0.01, were observed. Thus, alpha suppression was present across groups, with stronger gating during baseline relative to when neutral images were presented concurrently (see Fig. 2 ).
Results
P50 ERP amplitudes and P50 suppression ratio
Spectral amplitudes
In the beta range, a significant effect for stimulus, F(1, 33) = 8.55, p = 0.001, and a condition by stimulus interaction, F(1, 33) = 12.07, p = 0.001, were observed, pointing again to reductions in beta gating for both groups upon introduction of pictures.
In the gamma band, significant effects of group, F(1, 33) = 5.23, p = 0.029, and stimulus, F(1,33) = 4.56, p = 0.04, were obtained. Thus, while gamma suppression was not statistically distinguishable between the two groups, patients showed higher gamma power overall (see Fig. 3 ).
Discussion
The present study examined event-related, oscillatory EEG activity associated with P50 suppression in schizophrenia patients and its modulation by the demands of the broader perceptual environment. In addition to supporting previous findings of abnormal modulation of low frequency activity in patients with schizophrenia, we also observed disruption to low frequency gating in healthy control subjects when viewing neutral pictures. These findings are consistent with the "sensory distraction" model of sensory gating abnormalities in schizophrenia (Jin and Potkin, 1996) . Furthermore, abnormalities in the gamma band, not in the suppression of activity but in the form of overall increased gamma power, were present in patients.
Theta band results from the baseline condition are consistent with a growing body of research showing that low-frequency oscillations can provide valuable information to complement the traditional P50 ERP ratio measure (Clementz and Blumenfeld, 2001; Brockhaus-Dumke et al., 2008; Johannesen et al., 2008) . Hong et al. (2008) , for instance, found that low-frequency suppression during the P50 paradigm exhibited a level of heritability nearly four times that of the traditional P50 score. Therefore, reduced low-frequency activity may be a more viable endophenotype while the traditional P50 ratio may be associated with clinical and experimental measures of attentional impairment (Cullum et al., 1993; Erwin, 1998; Yee et al., 1998 Yee et al., , 2010 Lijffijt et al., 2009) .
Theta activity has been associated with the sensory encoding function of the hippocampus (Buzsaki, 2002) , a critical neural structure linked to P50 suppression along with the dorsolateral prefrontal cortex, superior temporal gyrus (STG), and thalamus (Tregellas et al., 2007; Williams et al., 2011) . Similarly, activity in this frequency band may represent the attention-orienting response to novel stimuli given its peak upon initial presentation of stimuli and subsequent habituation over successive exposures (Dietl et al., 1999) . Because increased perceptual demands may diminish the availability of cognitive resources required for processing efficiency (Duncan, 1980; Fisher, 1982; Nuechterlein and Dawson, 1984) , findings from the present study of diminished theta gating, in patients and across groups within a richer perceptual environment, may both validate and provide a mechanistic account of the "sensory distraction" model of sensory gating impairments in schizophrenia. Jin and Potkin (1996) modeled a reduced P50 response to S1, and thus S2/S1 ratio, of schizophrenia patients using non-ill individuals by introducing competing visual stimuli as a sensory distraction. The authors suggested that concurrent stimulation reduces the allocation of resources to the processing of novelty. The present study is the first to show similar levels of low-frequency gating between a resting baseline condition in schizophrenia patients and a sensory-distraction condition in healthy controls (see Fig. 1 ).
Findings that link theta activity to long-range connectivity may also point to reduced theta as indicative of abnormal inter-areal communication between broad cortical regions (Von Stein and Sarnthein, 2000; Cohen, 2011) , potentially contributing to complex, "downstream" functions such as top-down control of perception (Ford et al., 2002; Uhlhaas et al., 2008) . Considering this perspective in light of the present findings may suggest that a relatively broad, temporal lobe-centered circuit is impaired in the "gating in" of the initial stimulus in a sequence among schizophrenia patients (Brenner et al., 2009 ).
Turning to a higher EEG frequency range, reports of both abnormal reductions (e.g., Kwon et al., 1999; Light et al., 2006 ) and significant increases in gamma band power in schizophrenia patients (e.g., Baldeweg et al., 1998; Gordon et al., 2001; Lee et al., 2003a Lee et al., , 2003b support the possibility that schizophrenia entails disrupted neural synchrony (Stephan et al., 2009; Allen et al., 2011) , particularly at the level of relatively localized neural assemblies responsible for the encoding of sensory stimuli (Basar-Eroglu et al., 1996; Von Stein and Sarnthein, 2000; Allen et al., 2011) . The present study's finding of overall increased gamma power among patients may also be considered in light of current models of N-methyl-D-aspartate (NMDA) receptor dysfunction, in which NMDA receptor hypofunction reduces the excitation of parvalbumin-expressing inhibitory interneurons, postulated to be chief regulators of cortical gamma oscillations (Whittington and Traub, 2003; Sohal et al., 2009; Lewis et al., 2011) . Therefore, down-regulation of inhibitory interneurons may be reflected in increased gamma band activity in patients (Spencer, 2012) .
Generally heightened gamma activity in patients relative to healthy controls is also consistent with the proposition that schizophrenia may be associated with a chronic state of heightened tonic sensory demand (Jin and Potkin, 1996) and reductions in the availability of resources (e.g., Nuechterlein and Dawson, 1984) . Suppression in this band was observed in both patients and control subjects, suggesting that gating of gamma band activity may be intact and potentially relying upon NMDA-receptor-independent mechanisms. A goal for future research will be to determine the functional corollaries of intact high-frequency gating relative to those of heightened overall gamma activity. It also bears noting that because all patients in this study were receiving antipsychotics, the influence of medication on present results cannot be accounted for entirely. The absence of associations between medication exposure and any of the key dependent variables suggests the lack of a major contributing influence although a more limited effect of medication remains possible.
Nevertheless, findings from the present study begin to extend our understanding of sensory gating abnormalities within the context of a more richly-detailed model of sensory demands and processing in schizophrenia. Moreover, they give additional credence to the notion of schizophrenia as a disorder of abnormal neural synchrony and more generally, dysregulated neurocognitive coordination.
Supplementary data to this article can be found online at http:// dx.doi.org/10.1016/j.schres.2012.07.002.
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